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Acute regulation of NHE3 by protein kinase A requires a multi- membrane can be regulated by biochemical modification
protein signal complex. Biochemical and cellular experiments of the transporter itself [1–4]. In the process of studying
in fibroblasts have established the requirement for a member the acute inhibition of NHE3 by protein kinase A (PKA),of the PDZ motif Na/H exchanger regulatory factor family
it was observed that an additional cofactor was requiredof proteins (NHERF and NHERF2) in cAMP-mediated phos-
for cyclic adenosine monophosphate (cAMP)-dependentphorylation and inhibition of NHE3 activity. NHERF interacts
with the actin cytoskeleton through the scaffolding protein PKA to inhibit NHE3 activity [5]. This cofactor was iso-
ezrin to target a multiprotein signal complex to the plasma mem- lated, and a partial amino acid sequence obtained; from
brane. Recent experiments have focused on elements of this the sequence, the Na/H exchanger regulatory factormodel. First, using specific antibodies, NHERF was identified
(NHERF) was cloned [6]. In a model expression systemin the renal proximal tubule, where it colocalized with ezrin
using PS120 cell fibroblasts stably expressing NHE3,and NHE3. NHERF2 was seen in glomeruli, the renal vascula-
ture, and collecting duct cells, where it colocalized with ROMK. NHERF was required for cAMP to inhibit Na/H ex-
This distinct nephron localization suggests different physiologic changer activity [7]. Using a yeast two-hybrid screen with
roles for NHERF and NHERF2. Second, the signal-complex
the NHE3 tail as bait, a second member of the NHERFmodel of protein kinase A regulation of NHE3 developed in
family of proteins was later isolated [7]. This protein,fibroblasts has been extended to epithelial cells by the develop-
ment of a dominant-negative opossum kidney cell line express- initially called E3KARP but now called NHERF2, was
ing an ezrin binding domain-deficient truncation of NHERF. similar to NHERF, particularly across two 100 amino
Preliminary studies indicate that these cells have normal basal acid regions recognized as PDZ (PSD-95/Dlg/ZO-1) do-
Na/H exchanger activity but a blunted inhibitory response
mains. NHERF2, like NHERF, supported cAMP-associ-to cAMP. Third, biochemical, biophysical, and cell experiments
ated inhibition of NHE3 when expressed in PS120 cellshave indicated that NHERF binds to itself in a head-to-head
configuration, raising the possibility that dimerization may alter [7]. In 1997, Reczek, Berryman, and Bretscher reported
the availability of active NHERF. The potential role of the that NHERF (called EBP50 by the investigators) bound
NHERF proteins in the kidney has been expanded by recent to ezrin [8]. Given the structure of NHERF and its abilitystudies indicating their involvement in the membrane targeting,
to bind to ezrin, models of cAMP regulation of NHE3trafficking, sorting, and regulation of a range of other transport-
such as that shown in Figure 1 were developed [8–11].ers, receptors, and signaling proteins. NHERF and related
PDZ-containing proteins may serve as adapters for regulation The model proposed that a multiprotein signal complex
of renal transporters. linked NHE3 to the actin cytoskeleton through the scaf-
folding protein ezrin and the adaptor protein NHERF.
Ezrin was proposed to function as the PKA anchor pro-
The epithelial isoform of the Na/H exchanger, NHE3, tein, and NHERF was postulated to bring the ezrin-PKA
is responsible, in large measure, for sodium and hydro- complex into proximity with the tail of NHE3. This prox-
gen ion transport in the renal proximal convoluted tu- imity is believed to facilitate phosphorylation of the
bule. Studies using isolated membranes and reconstitu- transporter and the consequent down-regulation of its
ted systems, conditions in which insertion, recycling, and activity. Subsequent studies in PS120 cell fibroblasts con-
retrieval of NHE3 from the plasma membrane are un- firmed the elements of the proposed model [reviewed
likely, indicated that the activity of NHE3 present in the in 12]. Co-immunoprecipitation studies indicated that
NHERF and NHE3 were bound in vivo and that NHERF
was required for cAMP to phosphorylate NHE3 [13].Key words: renal electrolyte transport, PDZ proteins, sodium-hydro-
gen exchanger, cell signaling, ezrin, proximal tubule. The important physiologic role of NHERF binding to
ezrin was demonstrated by expression of a truncated 2001 by the International Society of Nephrology
450
Weinman et al: NHERF and the regulation of NHE3 451
form of NHERF missing the putative ezrin binding do-
main (NHERF 1-325) [14]. As compared with wild-type
mouse NHERF (NHERF 1-355), NHERF 1-325 did not
immunoprecipitate ezrin. NHERF 1-325 also did not
mediate cAMP-associated phosphorylation of NHE3 or
the inhibition of NHE3 activity in PS120 cells. Recent
studies have suggested the possibility that other epithe-
lial transporters such as the sodium-bicarbonate cotrans-
porter (NBC), type IIa sodium-phosphate cotransporter
(NaPi-IIa), renal outer medullary potassium channel
(ROMK), H-ATPase, and the cystic fibrosis transmem-
brane regulator (CFTR) may also interact with NHERF
(abstracts; Gisler et al, J Am Soc Nephrol 10:609A, 1999;
Welling et al, J Am Soc Nephrol 10:49, 1999) [16–18].
In addition to their role in the regulation of transport
proteins, NHERF and NHERF2 have been suggested
to be involved in a number of other biologic processes
in the kidney as well as in other organs, including regula-
tion of receptors such as the 2-adrenergic receptor, the
P2Y purinergic receptor, and platelet-derived growth
factor (PDGF) receptor [19–22]. Other experiments pro- Fig. 1. Proposed model of the signal complex regulation of Na/H ex-
changer-3 (NHE3) by cyclic adenosine monophosphate (cAMP). NHERFposed a role for the NHERF family of proteins in testicu-
links NHE3 to the actin cytoskeleton through the scaffolding protein,lar differentiation and in the effect of estrogen in estro- ezrin. Ezrin functions as the cAMP-dependent protein kinase A (PKA)
gen-receptor positive breast cancer cell lines [23, 24]. anchor protein. It is suggested that the complex is required for activated
PKA to phosphorylate NHE3 and that the phosphorylation of specific
residues in the C-terminus of NHE3 is responsible, in large measure,
for the inhibition of NHE3 activity.LOCALIZATION OF NHERF AND NHERF2 IN
THE KIDNEY AND COLOCALIZATION OF
NHERF, EZRIN, AND NHE3 IN THE PROXIMAL
CONVOLUTED TUBULE 11:518, 2000). NHERF2 was also expressed in principal
Sodium/hydrogen exchanger regulatory factor was orig- cells, identified by the presence of aquaporin-2, where
inally isolated from renal brush-border membranes. it colocalized with ROMK [25]. NHERF2 was not seen
NHERF2, cloned from a lung library, was found to be in the proximal tubule. In fact, NHERF and NHERF2
present in renal tissue by Northern hybridization analy- were not coexpressed in any renal cells. These results
sis. The precise cellular distribution of these two proteins were surprising given that both proteins supported
in the kidney, however, was not known. A series of anti- cAMP-mediated inhibition of NHE3 when studied in a
bodies was generated that distinguished NHERF from heterologous expression system such as PS120 cells [7].
NHERF2, and these antibodies were used to immuno- This raises an important experimental issue, as it would
localize these proteins in the rat kidney [25]. NHERF was appear that in cells null for both NHERF and NHERF2,
present in the brush border membrane of the proximal either protein can function to facilitate the assembly of
tubule. NHERF was also seen in the cytosol and, to a the necessary signal complex [7]. The previously men-
lesser extent, in the basolateral membranes of proximal tioned results, however, indicated that NHERF but not
tubule cells. NHERF was not detected in other nephron NHERF2 is the biologically relevant protein in the rat
structures, including the glomerulus, loop of Henle, or renal proximal tubule. NHERF2, on the other hand, is
distal nephron segments. A study by Breton et al localized likely to be active in other nephron structures such as
NHERF in intercalated cells of the cortical collecting cells of the glomerulus and in the principal cells where
ducts, where it appears to associate with the 1 subunit it may interact with ROMK. The presence of NHERF2
of H-ATPase [18]. In contrast, NHERF2 was expressed in cells of the glomerulus is of potential importance in
in the renal glomerulus in a pattern similar but not identi- light of recent evidence that the NHERF family of pro-
cal to von Willebrand’s factor. The pattern suggested teins interacts with the PDGF receptor [20]. NHERF
NHERF2 expression in endothelial cells. NHERF2 was appears to stabilize the heterodimerization of the PDGF
seen in the peritubular capillaries and in the vascular struc- receptor and facilitate downstream signaling. A role for
tures of the outer and inner medulla. Later studies dem- PDGF in renal injury has been postulated; the potential
onstrated NHERF2 in renal glomerular mesangial cells involvement of NHERF2 in this process remains to be
determined.and podocytes (abstract; McQuistan, J Am Soc Nephrol
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The evidence for a multiprotein complex-mediating NHERF-NHERF BINDING
cAMP inhibition of NHE3 is derived exclusively from Immunocytochemical analysis and semiquantitative
studies in PS120 fibroblast overexpressing NHE3 and measurements have indicated that NHERF is an abun-
NHERF. To determine whether these proteins also asso- dant protein in renal proximal tubule cells. In fact, its
ciate in native renal tissue, rat renal tissue was double abundance appears to exceed that of its known target
stained for NHERF, NHE3, and ezrin using combina- proteins. Despite its abundance, evidence has accumu-
tions of antibodies [25]. While the distribution of these lated that the amount of available NHERF in the cell
three proteins in the brush-border membrane and sub- may be rate limiting. When activated protein-1 (AP-1)
apical regions of the proximal tubule was not identical, cells were transfected with the 2-adrenergic receptor, a
evidence that all three proteins colocalized with one an- receptor that binds NHERF in an agonist-dependent
manner, agonist-stimulated increases in cell cAMP wereother was clearly evident. These studies, then, provided
not associated with inhibition of NHE3 activity [27]. Ifthe initial structural evidence for the presence of a signal
these cells were engineered to express a truncated formcomplex of NHERF, NHE3, and ezrin in epithelial tissue.
of the receptor that does not bind NHERF, agonist-
induced increases in cAMP were associated with an inhi-
FUNCTIONAL EVIDENCE FOR THE SIGNAL bition of NHE3 activity. While these data are open to
COMPLEX REGULATION OF NHE3 IN several interpretations, one explanation is that the bind-
EPITHELIAL CELLS ing of NHERF to the 2-adrenergic receptor limited its
availability to interact with NHE3. These results raisedIn PS120, the ezrin binding domain-deficient trunca-
the possibility that there was a pool of inactive NHERF,tion of NHERF (NHERF 1-325) did not support cAMP-
perhaps represented by NHERF-NHERF dimers. Whilemediated phosphorylation of NHE3 or inhibition of NHE3
our studies were in progress, two other groups also ad-activity [14]. Interestingly, when NHE3 was immunopre-
dressed the question of whether NHERF complexed withcipitated from these cells, NHERF 1-325 was coimmuno-
itself [20, 28]. Fouassier et al demonstrated NHERF di-precipitated, suggesting that the truncated protein bound
mers and higher order multimers using gel overlays andto NHE3 in vivo. We postulated that NHERF 1-325 was
a model expression system. They concluded that the indi-not functional by virtue of its inability to bind ezrin and
vidual PDZ domains bound to each other but that therecognized that NHERF 1-325 might be a useful reagent
PDZ I domain of NHERF did not bind to the PDZ IIto determine whether epithelial cells possessed a func-
domain [28]. These investigators proposed a network oftional signal complex mediating cAMP inhibition of
NHERF proteins forming a meshed scaffold analogousNa/H exchange activity. We reasoned that if NHERF
to that proposed for INAD (Inactivation No Afterpoten-1-325 could be expressed in an epithelial cell, it might
tial D) [29]. In contrast, Maudsley et al found no NHERF-
bind to NHE3 and disrupt the signaling pathway by dis-
NHERF binding unless the PDZ I domain was occupied
placing endogenous NHERF. Opossum kidney (OK)
by the C-terminus of the PDGF receptor [20]. Our stud-
cells are a proximal tubule cell line that expresses cAMP- ies are only partially consistent with the above experi-
regulated NHE3 activity [26]. These cells also express ments [30]. Using gel filtration and either recombinant
endogenous NHERF. To begin study of the applicability NHERF or renal tissue, higher order NHERF multimers
of the signal-complex model of regulation of NHE3 in were found, and the multimers were decreased to mono-
epithelial cells, OK cells were stably transfected with wild- meric size by reducing agents. Biosensor analysis also
type mouse NHERF 1-355 or NHERF 1-325. Preliminary indicated NHERF–NHERF binding, with dimers being
results indicated that the basal rate of Na/H exchanger the most obvious form of the complexes. Gel overlay
activity was not altered but that cAMP associated inhibi- studies using recombinant proteins indicated that full-
tion of Na/H exchange activity was markedly blunted length NHERF bound to full-length NHERF. PDZ I
in NHERF 1-325 cells. Sodium-dependent 3-O-methyl- bound to PDZ I, but recombinant proteins representing
d-glucose activity was the same in all cell lines, suggesting PDZ II did not bind to itself or to PDZ I. By this analysis,
that critical sodium gradients were maintained and that NHERF–NHERF binding appeared to be in a head-to-
NHERF 1-325 was not acting via a nonspecific general head configuration. To provide an in vivo model system
effect. Studies are currently under way to provide bio- for study, a combination of His (S)- and Flag-tagged
chemical evidence to support the proposal that NHERF NHERF or HIS (S)- and HA-tagged NHERF was ex-
1-325 disrupted the NHE3/NHERF/ezrin/PKA complex. pressed in PS120 cells. These experiments indicated that
The preliminary transport studies, however, suggest that precipitation of one form of NHERF resulted in the
a fully functional NHERF-associated signal-complex is recovery of the other, confirming NHERF–NHERF bind-
required for cAMP regulation of Na/H exchanger ac- ing in vivo. To address the question of whether there
was regulation of the dimerization process, the effect oftivity in an epithelial cell line such as the OK cell.
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APPENDIX
cells. On the other hand, okadaic acid, an inhibitor of
Abbreviations used in this article are: CFTR, cystic fibrosis trans-protein phosphatase 1 and 2A, resulted in the de-dimer-
membrane regulator; NaPi-IIa, type IIa sodium-phosphate cotransporter;
ization of the NHERF complex in a time-dependent NBC, sodium-bicarbonate cotransporter; NHE, Na/H exchanger;
NHE3, Na/H exchanger epithelial isoform; NHERF, Na/H ex-manner. To assess the functional significance of the sepa-
changer regulatory factor; OK, opossum kidney; PDGF, platelet-derivedration of NHERF dimers, we examined the inhibitory
growth factor; PDZ, PSD-95/Dig/ZO-1 amino acid regions; PKA, protein
effect of cAMP in PS120 cells treated with okadaic acid. kinase A; ROMK, renal outer medullary potassium channel.
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